Simulations of gas sloshing in galaxy cluster Abell 2052 by Machado, Rubens E. G. & Neto, Gastão B. Lima
ar
X
iv
:1
41
2.
45
58
v1
  [
as
tro
-p
h.C
O]
  1
5 D
ec
 20
14
Mon. Not. R. Astron. Soc. 000, 1–10 (2014) Printed 11 September 2018 (MN LATEX style file v2.2)
Simulations of gas sloshing in galaxy cluster Abell 2052
Rubens E. G. Machado⋆ and Gasta˜o B. Lima Neto
Instituto de Astronomia, Geofı´sica e Cieˆncias Atmosfe´ricas, Universidade de Sa˜o Paulo, R. do Mata˜o 1226, 05508-090 Sa˜o Paulo, Brazil
Accepted 2014 December 13. Received 2014 November 18; in original form 2014 September 11
ABSTRACT
The intracluster plasma of Abell 2052 exhibits in X-rays a spiral structure extending more
than 250 kpc, which is comprised of cool gas. This feature is understood to be the result of
gas sloshing caused by the off-axis collision with a smaller subcluster. We aim to recover
the dynamical history of Abell 2052 and to reproduce the broad morphology of the spiral
feature. To this end, we perform hydrodynamicalN -body simulations of cluster collisions. We
obtain two regimes that adequately reproduce the desired features. The first scenario is a close
encounter and a recent event (0.8 Gyr since pericentric passage), while the second scenario has
a larger impact parameter and is older (almost 2.6 Gyr since pericentric passage). In the second
case, the simulation predicts that the perturbing subcluster should be located approximately 2
Mpc from the centre of the major cluster. At that position, we are able to identify an observed
optical counterpart at the same redshift: a galaxy group withM500 = (1.16±0.43)×1013M⊙.
Key words: methods: numerical – galaxies: clusters: individual: A2052 – galaxies: clusters:
intracluster medium
1 INTRODUCTION
Galaxy clusters often exhibit signs of having been perturbed by
encounters with subclusters, in agreement with our current under-
standing of hierarchical large scale structure formation. The gas in
the intracluster medium commonly bears the signatures of such dis-
turbances in the form of shocks, cold fronts and other irregularities
(e.g. Markevitch & Vikhlinin 2007).
Cold fronts are contact discontinuities, across which temper-
ature and density are discontinuous, but pressure is not. A type
of cold front with particularly interesting morphology are dis-
tributions of cool gas in the form of a spiral that stems from
the cluster core and reaches out to large distances, sometimes
hundreds of kiloparsecs (e.g. Rossetti et al. 2013; Walker et al.
2014). Such spiral features have been observed in numerous clus-
ters, Perseus (Churazov et al. 2003) being one of the most promi-
nent ones. Lagana´, Andrade-Santos & Lima Neto (2010) studied
a sample of nearby galaxy clusters and found half of them
having signs of spiral structure. Abell 2029 also has an im-
portant spiral feature (Clarke, Blanton & Sarazin 2004), which
was recently found to stretch as far as out as 400 kpc at its
fullest extent (Paterno-Mahler et al. 2013). Further examples in-
clude Abell 1644 (Johnson et al. 2010), Abell 496 (Roediger et al.
2012), among others (see Owers, Nulsen, Couch & Markevitch
2009; Ghizzardi, Rossetti & Molendi 2010). Such spiral structures
have been studied even in groups (e.g. Randall et al. 2009; Lal et al.
2013; Gastaldello et al. 2013).
These spiral cold fronts are understood to arise from gas slosh-
ing triggered by an off-axis collision. The sloshing mechanism was
⋆ E-mail: rubens.machado@iag.usp.br
proposed by Markevitch, Vikhlinin & Mazzotta (2001) as a bulk
motion of cool gas that is displaced from the cluster core. This
might happen when the cluster’s potential suffers a gravitational
disturbance (a pull) from a passing subcluster. In this scenario, the
resulting spiral is comprised of a dense, cool, low entropy gas that
was removed from the cluster core. The interface between the cold
spiral and the surrounding warmer gas is a contact discontinuity.
Hydrodynamical simulations have been employed to study
the details of the sloshing mechanism (Ascasibar & Markevitch
2006; ZuHone, Markevitch & Johnson 2010). Idealized simula-
tions of binary cluster collisions are well suited to explore this
process, by assessing the influence of initial parameters (such
as mass ratio, relative velocity, impact parameter, gas content).
Ascasibar & Markevitch (2006) showed that the off-axis pas-
sage of a small subcluster can set off gas sloshing and thus
induce a long-lived spiral feature. Their simulations also indi-
cated that non-head-on encounters are capable of giving rise to
gas sloshing even if the perturber itself is gasless, underscor-
ing the gravitational basis of this otherwise hydrodynamical phe-
nomenon. Hydrodynamical – and sometimes magnetohydrody-
namical (ZuHone, Markevitch & Lee 2011) – simulations have
been used to explore the parameter space of such cluster merg-
ers (e.g. ZuHone 2011), but also to model individual objects
(Roediger et al. 2011, 2012; Johnson et al. 2012).
1.1 Abell 2052
Abell 2052 (hereafter A2052) is a nearby cool core cluster, at a
redshift of z = 0.03498±0.00022 (Smith et al. 2004). The average
temperature is kT ∼ 3 keV, dropping to∼ 1 keV in the centre. The
central cD galaxy hosts an active galactic nucleus (AGN), and the
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energy output of this radio source is responsible for evacuating the
innermost gas, giving rise to bubbles and shocks on the scale of
about 20 kpc (Blanton et al. 2011).
A2052 had been observed in X-ray by Einstein
(White, Jones & Forman 1997), ROSAT (Peres et al. 1998), Chan-
dra (Blanton, Sarazin & McNamara 2003), Suzaku (Tamura et al.
2008) and XMM-Newton (de Plaa et al. 2010). More recently, with
very deep Chandra observations, Blanton et al. (2011) were able
to identify a previously undetected spiral feature, which extends
across more than 250 kpc, being considerably larger than the inner
cavities. It corresponds to an excess in X-ray surface brightness,
and it has lower temperature, lower entropy and higher metallicity
than the gas in its immediate vicinity. Since these are the typical
signatures of sloshed gas, the spiral feature in A2052 is interpreted
as the outcome of an off-axis collision with a subcluster.
A2050 is in the footprint of SDSS DR91, with 104 galax-
ies with measured redshift in the region 6.4◦ < δ < 7.6◦ and
228.6◦ < α < 229.8◦ (J2000). The mean redshift of these galax-
ies is z = 0.0347 ± 0.0002.
Our aim in this work is to propose a dynamical history of
A2052, describing the detailed set of circumstances that caused
the gas sloshing in this particular cluster. In order to achieve this,
we perform a set o high-resolution hydrodynamical simulations in
an attempt to recover the approximate spiral morphology of the
cold front. This paper is organized as follows. In Section 2 we
present the simulation techniques and initial conditions. In Section
3 we discuss the results of the two scenarios, including the issue of
the optical counterpart. In Section 4 we summarize and conclude.
Throughout this work we assume a standard ΛCDM cosmology
with ΩΛ = 0.7, ΩM = 0.3 and H0 = 70h70 km s−1 Mpc−1.
2 SIMULATION SETUP
In order to model collisions giving rise to sloshed gas, we set up ini-
tial conditions representing isolated galaxy clusters. They comprise
dark matter and gas and were created using the methods outlined
in Machado & Lima Neto (2013). The goal of these dedicated sim-
ulations is to attempt to reproduce features of A2052, particularly
its spiral structure, as much as possible. This simulation approach
relies on various simplifications, but the comparison between nu-
merical results and observations allows for the study of plausible
dynamical histories, giving us elements to better understand the
process of structure formation in the Universe.
2.1 Techniques and profiles
We consider the collision of two spherically symmetric galaxy clus-
ters in a similar manner to Machado & Lima Neto (2013). The sim-
ulations were performed with the parallel SPH (smoothed particle
hydrodynamics) code GADGET-2 (Springel 2005), with a softening
length of ǫ = 5 kpc. The ICM (intracluster medium) is represented
by an adiabatic (γ = 5/3) ideal gas, and cooling is disregarded in
the simulations. Since galaxies account for a small fraction of the
total cluster mass (∼ 3 per cent, e.g. Lagana´ et al. 2008), their in-
dividual gravitational contribution may be safely overlooked (their
mass is taken into account together with the collisionless particles).
Due to the neglect of stars in the simulations, star formation and
feedback are evidently not present. Magnetic fields are not expected
1 Sloan Digital Sky Survey, www.sdss.org.
Table 1. Inital condition parameters.
cluster C1 cluster C2 cluster C3
Mtotal 2.6× 10
14 M⊙ 6.0× 1013 M⊙ 5.0× 1013 M⊙
M200 1.6× 1014 M⊙ 4.1× 1013 M⊙ 3.6× 1013 M⊙
M500 1.4× 1014 M⊙ 3.6× 1013 M⊙ 3.2× 1013 M⊙
r200 1105 kpc 700 kpc 666 kpc
r500 768 kpc 493 kpc 472 kpc
rh 250 kpc 120 kpc 100 kpc
rg 550 kpc 220 kpc 200 kpc
fgas 0.22 0.16 0.16
fgas(< r500) 0.13 0.07 0.07
to play a major role in determining the global cluster morphology,
and are not taken into account either. The evolution of the system
is followed for about 8 Gyr, but the relevant phases take place in a
time-scale of only a few Gyr. Because of the small spatial extent of
the system, cosmological expansion is ignored. Simulations were
carried out on a 2304-core SGI Altix cluster.
The density profile adopted for the dark matter halo follows
the Hernquist (1990) profile:
ρh(r) =
Mh
2π
rh
r (r + rh)3
, (1)
where Mh is the total dark matter halo mass, and rh is a scale
length. This resembles the NFW profile (Navarro, Frenk & White
1997) except in the outermost parts.
For the gas distribution, a Dehnen (1993) density profile is
adopted:
ρg(r) =
(3− γ)Mg
4π
rg
rγ(r + rg)4−γ
, (2)
where Mg is the gas mass and rg is a scale length. With the
choice γ = 0, the resulting profile is similar to that of a β-model
(Cavaliere & Fusco-Femiano 1976). The temperature profile fol-
lows from the assumption of hydrostatic equilibrium.
Prior to the actual runs, each cluster is allowed to relax in iso-
lation for a period of 5 Gyr. For further details on how the numeri-
cal realisations are created, see Machado & Lima Neto (2013) and
references therein.
2.2 Initial conditions for A2052
Our attempt to model A2052 is somewhat facilitated by the un-
derstanding that an off-axis encounter will not disrupt the cluster
core as much as a head-on collision would. This means that we
may use the current observed profiles as fair approximations to the
initial conditions, assuming that the passage of a small subcluster
should not substantially alter the azimuthally-averaged profiles of
mass and temperature. This favourable circumstance holds for the
major cluster, of course; for the subcluster initial conditions, no
such immediate constraints are available, in principle.
By contrast, the task of modelling a head-on collision of a
major merger would be made more difficult by the disruption of the
cores. In that case, the final configuration would not offer a good
estimate of the initial profiles and thus there would be too much
freedom in the choice of initial parameters.
With this in mind, we use observational data to inform our es-
timate of initial parameters for the major cluster. We create clus-
ter C1 (see Table 1) with parameters such as to approximately
c© 2014 RAS, MNRAS 000, 1–10
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Figure 1. Profiles of model A at t = 0 Gyr (solid lines) and at t = 3.85
Gyr (dashed lines). The upper panel displays the total (orange) and gas
(blue) mass profiles, measured from the simulation. The data points (circles,
squares and triangles) are taken respectively from Blanton et al. (2003),
White et al. (1997) and Peres et al. (1998). The middle panel gives the re-
sulting gas fraction from the simulation. The lower panel compares the sim-
ulated temperature profile to the deprojected data points from Blanton et al.
(2003).
match the total mass profile, the gas profile and the temperature pro-
file from Blanton et al. (2003) (with additional mass profile points
from White et al. 1997 and Peres et al. 1998). The initial conditions
(t = 0) of cluster C1 are the solid lines in Fig. 1. Table 1 also gives
the initial parameters of two subclusters that will be discussed in
what follows.
We may try to evaluate the plausibility of these initial con-
ditions with respect to scaling relations regarding mass, tempera-
ture and gas content. For example, given the mean temperatures
〈T 〉 = 1.84, 0.88 and 0.82 keV (for clusters C1, C2 and C3 re-
spectively), measured within r500 in the initial conditions, we may
estimate the masses using the M500 − TX scaling relation from
Kravtsov et al. (2006). These estimates result in approximately
M500 = 1.2×10
14
, 3.8×1013 and 3.4×1013 M⊙ respectively, and
they are roughly in the range of 5 to 15 percent of the masses used
in the initial conditions (Table 1). With regard to the gas content, the
results of Lagana´ et al. (2013) for example would suggest gas frac-
tions of roughly 0.10–0.15 for cluster C1 and ∼0.07 for clusters C2
and C3, given their masses. These values refer to the region within
r500. In Table 1 we provide the global gas fraction fgas, which takes
into account merely the total masses of the Hernquist and Dehnen
profiles. But we also provide the values of fgas(< r500) measured
from the initial conditions, which are in excellent agreement with
what one would expect for objects of such masses. In any case, we
note that – at least for the cluster C1 – the choice of parameters
was constrained by the observed mass profiles and simultaneously
by the observed temperature profile. In the cases of clusters C2
and C3, the initial conditions also very adequately follow the ex-
pected scaling relations, meaning that although we had no a priori
information about these clusters, they were constructed with quite
physically plausible parameters.
A large set of simulations was performed in order to explore
the parameter space of possible collisions, but in this paper we
will focus on describing and discussing the two scenarios that best
match the X-ray observations, namely: model A and model B, each
one a binary collision between a major cluster and a minor clus-
ter. In both cases the total number of particles is N = 2.4 × 106,
equally divided into dark matter and SPH particles.
In model A, the two clusters (C1 and C3) are set at an initial
separation of 4000 kpc along the x-axis, and with an initial relative
velocity of −1000 km/s in that direction. The impact parameter is
b = 100 kpc along the y direction. In model B, the two clusters
(C1 and C2) are set at an initial separation of 3000 kpc along the
x-axis, and with an initial relative velocity of −1000 km/s in that
direction. The impact parameter is b = 1000 kpc along the y di-
rection. Note that the separation of the cluster centres at the instant
of pericentric passage, rmin, will be considerably smaller than the
impact parameter b.
Thus, we have two regimes: model A is a close encounter with
a mass ratio of about 4.5; while model B is a more distant encounter
with a slightly more massive subcluster (mass ratio 3.9).
3 RESULTS
While the mass and temperature profiles of the major cluster are
immediately – and quantitatively – constrained by observational
data, the subcluster parameters are not, and neither is the initial
configuration of the collision. We explored numerous variations of
parameters – such as mass ratio, impact parameter, velocities, and
gas content of the subcluster – within physically plausible ranges.
We found two regimes of interest. In this paper we report on models
A and B, representative of these regimes. In the following subsec-
tions we describe the features of these models, both of which have
their strengths and shortcomings insofar as reproducing A2052 is
concerned.
3.1 Chandra observation
We have downloaded ten publicly available Chandra exposures
of A2052: 9 by E. Blanton (8 of which were observed in 2009
and one in 2006) and one pointing by C. Sarazin done in 2000.
Following the “Science Threads” from the Chandra X-ray Center
(CXC), using CIAO 4.62, we have reprocessed these observations
and merged them together producing a single broad-band (0.5–
7.0 keV), exposure-map corrected surface brightness image with
a pixel scale of 0.984 arcsec (35/h70 kpc at the cluster distance).
Using the SHERPA package3 , we have fitted the flat x-ray im-
age with a elliptically symmetric 2D β-model plus a flat back-
ground, masking the central region (dominated by the feedback
of an AGN) and point sources. The best-fit β model has rc =
48.13±0.13 arcsec i.e., (1684±5)h−170 kpc, β = 0.44±0.01, and
an ellipticity of 0.18 with position angle equal to 0.8◦ with respect
to the North.
2 asc.harvard.edu/ciao/
3 cxc.cfa.harvard.edu/sherpa/
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Figure 2. For model A: (a) Time evolution of the X-ray surface brightness;
(b) Time evolution of the emission-weighted projected temperature. In both
columns, the contour lines represent the total (gas plus dark matter) pro-
jected mass. Note the different spatial scales: panels on the left column are
2000 kpc wide, whereas panels on the right column are 1000 kpc wide.
Figure 3. For model A: (a) Simulated X-ray surface brightness map of
model A; (b) Residuals from the subtraction of a fitted β-model from the
simulated X-ray emission; (c) Residuals from the observational data (Chan-
dra). Each frame is 500 kpc wide.
A residual image was produced by subtracting the symmet-
rical β-model from the original image. We will show this image
bellow when exposing the simulations results.
3.2 Model A: close encounter
In model A, the simulation starts with clusters having an impact
parameter of b = 100 kpc. The instant of pericentric passage occurs
at t = 3.05 Gyr, when the separation is only rmin = 42 kpc.
Despite this apparently small pericentric separation, the asymmetry
if sufficient to trigger a substantial spiral of cold gas, which extends
for more than 200 kpc.
In Fig. 2 the time evolution of the X-ray emission is seen in
snapshots at intervals of 0.25 Gyr (left-hand column). Likewise,
the emission-weighted projected temperature is shown at the same
intervals (right-hand column). Note, however, the different spatial
scales meant to highlight the relevant features in each case. In both
columns the overlaid contours represent the total projected mass,
dominated by dark matter. The plane of the orbit is taken to be
perpendicular to the line of sight. Projecting the simulations un-
der different inclination angles did not improve the morphology, in
comparison to the observed X-ray surface brightness of A2052.
We searched for the instant when the morphology of the spiral
feature best reproduces the observations. This instant of best match
takes place approximately at t = 3.85 Gyr, i.e. 0.8 Gyr after the
pericentric passage. This snapshot is selected by inspecting neither
the temperature map nor the X-ray emission, but the excess in X-
ray emission.
From the simulation output, first we produce a map of simu-
lated X-ray emission (for details, see Machado & Lima Neto 2013)
and then treat it as observational data: we fit a β-model, and sub-
tract the fit from the emission map. The resulting X-ray excess is
most prominently evident in this residual map. Figure 3 compares
simulated and observed X-ray excess (described in the previous
section).
One notices that at this instant (t = 3.85 Gyr), the size of
the spiral feature is recovered, as well as its general shape and ori-
entation. In particular, the inner portion of the spiral shows more
intense emission.
The temperature profile of the cluster at t = 3.85 Gyr is seen
as the dashed line in the bottom panel of Fig. 1. The departure from
the initial profile is not large; both profiles go from an average of 3
keV to about 1 keV in the centre. But being azimuthally-averaged,
that radial profile conceals the details of the cold spiral. To exam-
ine in more detail the temperature structure of the gas, we display
the best instant in the lower panel of Fig. 4, where a conic region
is overlaid in projection onto the temperature map. This is the cone
within which the thermodynamic quantities is Fig. 5 were mea-
c© 2014 RAS, MNRAS 000, 1–10
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Figure 4. Top: Observed temperature map of A2052. This figure was taken
from the paper of Blanton et al. (2011) and adapted. The contour lines rep-
resent the excess in X-ray emission. Bottom: Simulated emission-weighted
projected temperature of model A at t = 3.85 Gyr. The dashed sector rep-
resents in projection the cone within which the quantities of Fig. 5 were
measured.
sured. The solid lines across the circular sector in Fig. 4 – marking
the inner and outer faces of the spiral – correspond to the edges
of the shaded areas of Fig. 5. This analysis shows that the spiral is
composed of gas which is cooler than its immediate vicinity, and
it also has lower entropy. Here we adopt the usual proxy for en-
tropy, S = k T n−2/3e , in terms of the electron number density
ne, temperature T and Boltzmann constant k. At the outer face of
the spiral, the noticeable drop in density is not accompanied by a
relevant discontinuity in pressure.
The comparison between the simulated and observed temper-
ature maps can be seen in Fig. 4, where the upper panel was taken
from Blanton et al. (2011) and modified to a different color cod-
ing. The general relevant feature is that the gas within the spiral is
somewhat cooler than its immediate vicinity. This property is strik-
ingly more noticeable in the simulation. When considering such
comparisons, one should bear in mind that our simulations do not
include physical processes such as cooling or AGN feedback, and
that they are idealised models in various other regards. The ob-
served temperature map in this case does not afford a fruitful quan-
titative comparisons to the simulated temperature. We faced a sim-
ilar situation in our simulations of A3376 Machado & Lima Neto
(2013), where the observed temperature map provided at most a
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Figure 5. For model A, the four panels display the temperature, electron
number density, pressure and entropy profiles, measured within the region
specified in Fig. 4. The shaded areas mark the width of the spiral.
Figure 6. Similar to Fig. 1, but for model B. Here, the dashed lines corre-
spond to t = 5.15 Gyr.
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qualitativey agreement, ensuring that the temperatures were at least
roughly in the adequate range, but excluding more detailed compar-
isons. Here, a much more robust comparison is found with the maps
of X-ray excess.
Finally, it would be desirable to investigate the possibility of
locating the perturbing subcluster. X-ray data is unavailable in the
region and a search using SDSS DR9 data reveals no optical coun-
terpart at the predicted location for model A. This issue is further
discussed in Section 3.4.
3.3 Model B: distant encounter
In model B, the subcluster is slightly more massive, but the main
difference with respect to model A is that here the impact parameter
is an order of magnitude larger.
In model B, the simulation starts with clusters having an im-
pact parameter of b = 1000 kpc. The instant of pericentric passage
occurs at t = 2.575 Gyr, when the separation is rmin = 446 kpc.
The instant of best match is found to be t = 5.15 Gyr, i.e. about
2.575 Gyr after the pericentric passage. Note that the absolute
timescales of models A and B are not directly comparable; not only
because their dynamics are intrinsically different, but also because
they do not start from identical separations. That being said, the
physically meaningful comparison is between the times since peri-
centric passage.
The initial profiles of the major cluster are the same as in
model A, but we see in Fig. 6 that the final (azimuthally-averaged)
profiles are even less perturbed here, because the subcluster passes
at a greater distance. Nevertheless, a substantial spiral of cool gas
develops as well in this case. In model B, it takes longer for the
sloshing to set in, but the spiral persists for a longer time.
The global time evolution of the system is seen in Fig. 7,
where X-ray emission and temperature are shown in snapshots 1.0
Gyr apart, and with spatial scales appropriate to exhibit the relevant
features. As in model A, here too there is no inclination between the
plane of the sky and the plane of the orbit.
At the instant of best match, the equivalent analysis is done to
the simulated X-ray emission, whereby a fitted β-model is subtract
from it. The residuals in Fig. 8 show a spiral feature with the ade-
quate size and orientation. Model B does not to reproduce the inner
part of the spiral as well as model A does. However it succeeds in
tracing the shape of the outer edges better than model A.
The azimuthally-averaged temperature profile is surely well
matched (Fig. 6), but again we resort to measuring the profiles
within a cone (Fig. 9) of the same aperture, pointing in a direc-
tion nor far from that used in model A. Qualitatively, the profiles
of Fig. 10 indicate again cool, low entropy gas within the spiral
structure, although here the drops are considerably smoother, com-
pared to model A profiles. The outer edge of the spiral – where the
temperature rises again – corresponds to a very mild drop in gas
density.
3.4 Subcluster optical counterpart
A compelling prospect is the attempt to identify the perturbing sub-
cluster in the observations. To evaluate this possibility we must con-
sider the predicted location and properties of the subcluster in each
case.
In model A, at the instant of best match, the subcluster is lo-
cated 1020 kpc from the center of the major cluster, almost due
north (in what would be the northwest quadrant). In the simu-
lation, its position is easily identified due to the presence of its
Figure 7. Similar to Fig. 2, but for model B. Note the different spatial scales:
panels on the left column are 4000 kpc wide, whereas panels on the right
column are 1000 kpc wide.
c© 2014 RAS, MNRAS 000, 1–10
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Figure 11. (a) Zoomed-in view of the optical candidate; (b) Luminosity density in the r-band from SDSS galaxies; (c) Simulated X-ray emission (colours)
with overlaid contours of total mass for model B.
Figure 8. Residuals of model B, after subtraction of a fitted β-model from
the simulated X-ray emission. The frame is 500 kpc wide.
Figure 9. Emission-weighted projected temperature of model B at
t = 5.15 Gyr. The dashed sector represents in projection the cone within
which the quantities of Fig. 10 were measured.
dark matter (the configuration is approximately that of the bot-
tom panels of Fig. 2). However, after passing through the ICM
of the major cluster, the subcluster will have lost part of its gas
because of ram pressure. Furthermore, the virial radius of the sub-
cluster is an ill-defined quantity at that time, because it is embedded
   0
   2
   4
   6
 k
T
  (
k
eV
) 
10-3
10-2
10-1
 n
e  
(c
m

3
) 
10-10
10-9
10-8
 P
  (
er
g
/
cm
3
) 
0 50 100 150 200 250 300 350 400
 R  (kpc) 
101
102
 S
  (
k
eV
cm
2
) 
Figure 10. For model B, the four panels display the temperature, gas den-
sity, pressure and entropy profiles, measured within the region specified in
Fig. 9. The shaded areas mark the approximate width of the spiral.
within the mass of major cluster. Nevertheless we estimate roughly
5.4× 1012M⊙ of gas contained in a region comparable to the sub-
cluster’s initial virial radius. This would give an indication of the
gas mass one would have to expect, but it does not reflect the actual
gas stripping, as most of the gas in that volume belongs to the ma-
jor cluster itself. In fact, only 6.5 × 1011M⊙ of this gas belonged
originally to the subcluster.
In model B, the subcluster is roughly twice as far, about 2120
kpc (in the northeast quadrant). By the time of best match, the sub-
cluster has M200 ∼ 2.8 × 1013M⊙ and r200 ∼ 620 kpc. This
subcluster should also have suffered the effects of ram pressure,
but to a lesser extent, as it did not pass through the densest inner
parts. On the other hand, it has covered a longer path and is suffi-
c© 2014 RAS, MNRAS 000, 1–10
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ciently outside the main cluster’s virial radius. The result is that its
gas mass has been reduced to about 1.6× 1012M⊙, most of which
(1.2 × 1012M⊙) belonged originally to the subcluster itself. The
temperature of this gas would be in the range of 0.6 to 0.8 keV, and
the gas fraction is approximately 6 per cent within the subcluster’s
virial radius.
We should briefly mention that these mass determinations
might be uncertain due the limitations of the SPH method em-
ployed here. There is a considerable debate concerning the accu-
racy of SPH in capturing certain phenomena related to fluid mixing
instabilities (Agertz et al. 2007). Recent alternative SPH algorithms
have been proposed to circumvent these difficulties (e.g. Hopkins
2013), but no such methods were used here.
Could either of these objects be identified from existing obser-
vational data? There are no Chandra pointing reaching as far out as
1 or 2 Mpc away from the cluster centre. Even if there were, it is
doubtful whether their X-ray emission would be easily detectable.
The objects we seek would be in the mass range of galaxy groups,
but with low gas content. In the case of model B, the simulated
X-ray emission of the subcluster stands out noticeably against the
background in the final configuration. The same cannot be said of
model A. In the absence of X-ray data, we resort to SDSS optical
data, from which we are able to obtain maps of galaxy luminosity
density.
We have downloaded from the SDSS DR9 a table with all
galaxies in a radius of 90 arcmin centred on the A2052 X-ray
central peak, with magnitude r > 12.6 mag (corresponding to
the brightest cluster galaxy) and r < 23 mag. For those galax-
ies with spectroscopic redshift, we retained only the ones with
0.001 < zspec < 0.1, and for those objects without spectroscopy
we used the photometric redshift, keeping only galaxies with 0 <
zphot < 1.2. With this selection, we filtered out most of the distant
background galaxies while being very conservative and not exclud-
ing galaxies close (in redshift space) to the cluster.
We then produce a luminosity density map by smoothing and
adding the luminosity of each galaxy on a coarse grid (1 pixel = 15
arcsec). The galaxy luminosity is smoothed following a projected
2D profile ∝ r−3 and scale length proportional to their effective
radius (Fig. 11).
Inspection of the resulting map of luminosity density reveals
no noticeable excess at the predicted subcluster location for model
A. In fact, that region is even underdense.
On the other hand, at the predicted subcluster location for
model B, a clear overdensity is seen (Fig. 11b). Moreover, we are
able to pinpoint the galaxies responsible for this luminosity over-
density. They constitute a galaxy group at the same redshift as
A2052.
If these galaxies, having redshifts nearly identical to that of
A2052, were located within the cluster’s virial radius, they might
more reasonably be understood to be mere cluster members. The
fact that they lie more than 2 Mpc away from the centre of A2052
suggests that they should indeed be regarded as a separate group.
The proximity of the redshifts also indicates that there is very little
relative velocity between the cluster and the group along the line of
sight. If this group can be interpreted as being the disturbing object
that triggered the sloshing, then this holds an additional constraint:
it reinforces the assumption that the orbit is seen on the plane of the
sky, or at a very low inclination.
3.5 Mass of the galaxy group
In the region of the overdensity seen in Fig. 11 panel b, we were
able to locate ten galaxies in the redshift range between 0.032 and
0.038. These are the objects that have SDSS spectra and are located
within a circle of 16 arcmin radius. Their redshifts and magnitudes
in the i-band are listed in Table 2.
The group mean redshift is z = 0.0344±0.0016, which from
the standard cosmology implies a distance of d = 151.2±6.8 Mpc
and a distance modulus of (i −Mi) = 35.9 ± 0.1 mag. We then
compute the absolute magnitudes and corresponding luminosities
in the i-band (Table 2).
To estimate the stellar mass of each galaxy, we used mass-to-
light ratios as a function of absolute magnitude in the i-band, from
Kauffmann et al. (2003). The sum of the stellar masses amounts to
(2.69 ± 0.59) × 1011M⊙. However, this value takes into account
only the ten galaxies for which data is available. Even though these
are expected to be the most luminous galaxies, a correction should
be made for the fact that we are missing low-luminosity galaxies.
From the histogram of the galaxy luminosities, the magni-
tude completeness limit of the sample is estimated to be Mi =
−19.50 ± 0.25 mag, which is more conservative than the cor-
responding SDSS spectroscopic completeness at r = 17.8 mag,
(Strauss et al. 2002). We may compute the integrated luminosity,
truncated at the corresponding Lmin. The ratio of this quantity to
the total integrated luminosity gives an estimate of the factor fL by
which the total stellar mass is underestimated:
fL =
∫
∞
Lmin
L φ(L) dL
∫
∞
0
L φ(L) dL
, (3)
where φ(L) is the usual Schechter (1976) luminosity function, with
an appropriate constant α = −1.25 (e.g. De Propris et al. 2003),
and with the constant L∗ obtained from converting the B-band
M∗ = −19.5 mag into the i-band (Fukugita et al. 1995). We ob-
tain a fraction fL = 0.66 ± 0.06. Consequently, the complete-
ness corrected total stellar mass of the group is reckoned to be
(4.07± 0.97) × 1011M⊙.
Finally, the total group mass must be estimated from its stellar
mass. For this, we use a stellar fraction of fstar = 0.035 ± 0.010
from Lagana´ et al. (2013), which is adequate for this group mass
and refers to M500. The total group mass is then estimated to be:
Mobs500 = (1.16± 0.43) × 10
13M⊙ .
The relevant sources of error are the mass-to-light ratio, the com-
pleteness correction, and the stellar fraction of groups. This result
is to be compared to the total mass of the subcluster measured from
the simulation. From model B at t = 5.15 Gyr (seen in Fig. 11
panel c) we obtain a total mass of M sim500 = 2.43× 1013M⊙ within
the radius r500 = 435 kpc.
4 SUMMARY AND CONCLUSIONS
From deep Chandra observations of the galaxy cluster A2052,
Blanton et al. (2011) identified a previously unseen spiral feature,
about 250 kpc in extent. This structure in the intracluster medium,
seen as an excess in X-rays, is comprised of dense, cool, low en-
tropy gas. Presumably, cool gas residing at the bottom of the po-
tential well must have been extracted after the cluster was gravita-
tionally perturbed by the passage of a subcluster. The resulting gas
motion is what is known as the phenomenon of sloshing, and it is
understood to be the cause of the spiral feature.
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Table 2. Properties of the group galaxies: name, redshift, apparent magnitude, absolute magnitude, and luminosity (in the SDSS i-band).
Object name z i Mi L (1010L⊙)
CGCG 049-101 0.03574 13.12 -22.8 ± 0.1 8.30 ± 0.74
CGCG 049-102 0.03623 14.08 -21.8 ± 0.1 3.43 ± 0.31
2MFGC 12361 0.03436 15.36 -20.5 ± 0.1 1.05 ± 0.09
SDSS J151719.66+073648.6 0.03375 15.75 -20.1 ± 0.1 0.74 ± 0.07
2MASX J15182750+0750205 0.03373 15.90 -20.0 ± 0.1 0.64 ± 0.06
2MASX J15173172+0804320 0.03737 15.96 -19.9 ± 0.1 0.61 ± 0.05
SDSS J151729.92+081039.3 0.03330 16.31 -19.6 ± 0.1 0.44 ± 0.04
SDSS J151757.42+080853.3 0.03483 16.55 -19.3 ± 0.1 0.35 ± 0.03
SDSS J151804.11+080706.3 0.03216 16.80 -19.1 ± 0.1 0.28 ± 0.02
SDSS J151757.48+074536.3 0.03248 17.03 -18.9 ± 0.1 0.23 ± 0.02
Assuming that the current state of A2052 is the aftermath of
an off-axis collision with a subcluster, we employed hydrodynam-
ical N -body simulations to study this collision. These simulations
are idealised binary collisions that rely on several simplifications.
The focus is chiefly on the global dynamics (i.e. the overall mass
distribution) and on the large scale (∼100 kpc) morphology of the
sloshed gas. Particularly, we neglect altogether the effects of the
AGN, and thus the inner structure (∼10 kpc) of cavities is entirely
beyond the scope of our simulations.
Our goal was to try to recover the broad morphological fea-
tures that are observed in A2052, mainly the spiral structure. In
fact, some global features are matched by construction, such as the
mass profile and the azimuthally-averaged temperature profile of
the major cluster. These profiles were available from observational
data and they were employed as approximations to the initial condi-
tions. Due to the presumed non-frontal nature of the collision, it is
reasonable to assume that the overall mass distribution will not be
greatly affected. This assumption is indeed borne out by the simu-
lation results. On the other hand, the development of other features
– crucially the size and shape of the spiral structure – cannot be en-
sured a priori. To match these features, we had to explore numerous
combinations of initial parameters, many of which fail to develop
the target morphology.
While the virial mass of the major cluster is essentially given,
the properties of the subcluster (in hindsight more adequately re-
ferred to as “the galaxy group”) are more difficult to settle, since
no observational constraints were available beforehand, and thus
there was too much liberty in the choice of initial conditions. Nev-
ertheless, we were able to find combinations of subcluster mass and
impact parameter that give rise to the desired outcome.
The two scenarios discussed in this paper are representative
of different physical regimes. In the first case (model A), we have a
close encounter, meaning a smaller impact parameter; in the second
case (model B) the impact parameter is larger. In the first scenario,
we would have a recent event (0.8 Gyr since pericentric passage)
and a relatively short-lived spiral, i.e. a narrow time span during
which the simulated morphology is comparable to A2052. In the
second scenario the encounter would have been older (2.6 Gyr since
pericentric passage) and the spiral persists for a longer time. The
mass ratio is roughly 1:4 in both cases. In face of the simplifications
involved, the agreement between model A and the observed X-ray
excess is quite acceptable. The main drawback of model B is that,
in the inner part of the spiral, the intensity is not as well matched as
in model A. Nevertheless the outer reaches of the spiral are more
fully traced in model B.
The identification of a plausible optical counterpart for the
subcluster makes a compelling case in favour of model B. From
SDSS optical data, we are able to identify an excess in the lumi-
nosity density map, at the predicted location. It corresponds to a
galaxy group, at the same redshift as A2052. Furthermore, once the
mass of the group is estimated, it is found to be in agreement with
the mass from the simulation. We interpret that galaxy group as
being the perturber responsible for triggering the gas sloshing. In
such circumstances, the perturbing subcluster is often presumed to
have been dispersed by tidal disruption, and believed to be impos-
sible to identify. To our knowledge, this is one of few cases (such
as Abell 1644; Johnson et al. 2010) in which a good candidate has
been found.
These simulations accomplish an acceptable agreement with
observation, at least as far as the broad morphological features of
the ICM are concerned. This suggests that the effects of an AGN
are not expected to play a determining role in the development of
the sloshing spiral in A2052.
We proposed two plausible scenarios of off-axis collisions that
may give rise to the spiral structure seen in A2052. The regime of an
old and distant encounter is favoured, because it correctly predicts
the location of a galaxy group, which we identify in the optical.
X-ray observations in the region 2 Mpc from the centre of A2052
could conceivably lead to the detection of the intra-group gas.
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